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PREEACE 


Microorganisms offer enormous advantages over almost any other 
type of biological material fcr the study of comparative biochemi- 
cal problems. The rea:on can be found in the Lact that, in many 
cases, their metabolic processes are so much more clearcut than those 
in the higher plants and animals, as well as in the possibility of 
influencing these reactions by very simple procedures in a readily 
interpretable manner. I1t is indeed fortunate for the purpose of com- 
paring certain metabclic processes that we find peculiarly exagger- 
ated types of metabolism among microorganisms. /207 

When a bacterium is inoculated into a nutrient medium, it 
first’ begins to increase in size, and this increase in cell mater- 
ial is eventually followed by binary fission. The speed at which 
this process takes place depends on the particular organism con- 
cerned and on the ohysico-chemical constituents of the environment. 
Escherichia coli, a commcn organism of study, will divide cnce every 
twenty minutes when incculated into a nutrient broth at pH 7 and 
37°C. This means that each cell synthesizes its own weight of pro- 
toplasm, including proteins, enzymes, prosthetic groups, essential 
metabolites, etc., in twenty minutes. 

For synthesis to occur an organism recuires (1) inorganic 
salts, (2) a source of carbon, (3) a source of nitrogen, and 


(4) a source of energy. Some organisms oan synthesize all their 


i414 





protoplasm from simple scurces such as carbon dioxide and ammonia, 
plus a source of energy, and must therefore be equipped with all the 
enzymes necessary for the formation cf the essentials of their exist- 
ence fran these simple sources. This is not the case with all bac- 
teria, as many Organisms are lacking in enzymes necessary for certain 
synthetic processes. “hen this occurs, the organism in question is 
unable to synthesize some essential constituent and is conseouently 
unable to grow unless and until that particular constituent is sup- 
plied ready made in the environment. When an organism has such a 
synthetic disability it is said to be nutritionally "exacting" to- 
wards the substance which it is unable to synthesize. 

The least exacting group of organisms is the autotrophic group, 
members of which are able to multiply in a purely inorganic environ- 
ment, synthesizing their carbon substances from C02 or HQ.3, their 
nitrogenous material from ammonia or nitrate, and obtaining their 
energy in one of two ways: /9 / 

COobMUSYNTHETLIC AUILTRUPHS: Certain organisms synthesize all 
their protoplasmic materials fran &5 or HCL, and NH3 or NO3, and 
obtain the energy for the synthesis by oxidation of an inorganic 
substrate which is specific fcr the particular organism, and by 
means of which the organism can be identified. 

PHUILoY..Tub flO AUICTXCPHS: The photosynthetic autotrophs are 

anaerobes and obtain the energy for their synthetic activi- 


ties by photochemical utilization of light energy. They cbtain 
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their nitrogen from ammonia or nitrate, their carbon from bicarbon- 
ate, and reduce the bicarbonate to crganic carbon by a linked oxid- 

ation of an inorganic substrate. The organic carbon so produced may 
be of carbohydrate nature in the first instance, and can be conven- 

iently represented by (i#-C-\H). The Athiorhodaceae /14/ use organ 

ic acids as hydrogen-donators whereby to reduce the .. CL, is es- 
sential to the growth and the crganism apoears to obtain most of its 
carbon material from the assimilation of Ww, 

In contrast to the autotrophic bacteria are the HETHRUTRUPHIC 
Organisms which require a source of carbon more Bick than carbon 
dioxide, i.e., they are unable to utilize carbon dioxide as a sole 
source of carbon. However, heterotrophic crganisms actually require 
trace amounts of C,, only as a source for certain essential carbon 
compounds. tn the fermentation of many organisms, such as BE. coli 
or the Propionibacteria, carbon dicxide assimilation is involved in 
the formation of succinic and other 4-carbon dicarboxylic acids. 

Studying the production of propionic acid from sugars is equiv- 
alent to studying its ccnversion to sugars, since one process is pro- 
bably the exact reverse of the ot.¢r, involving the same intermediate 


cOmpounds and enzymes. 
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CHAPTER I 


CINTRUDUCTIVUN 


In contrast to other simple compounds, the metabolism of propi- 


Onic acid is poorly understood. Some probable pathways are: 


es) CH CULH 
| s | 
“2 +H é "2 
CLCH ne 
propionic acid CUCH 


succinic acid 


(IL) iE ; t-2 . _ - 
v2 Z 4 a il é i 
CULH — CUH CULH CULH 


propionic acid acrylic acid lactic acid pyruvic acid 





(II1) CH, CH, via methyl CH, 
| glyoxal 
rar, ? 
CH cE, Cu 
2 
| <a — | 
GUOH CHU CUUH 


propionic acid propiondldehyde pyruvic acid 











kxperimental support of one or another of these schemes may be 
uncertain because of possible interconversion, demonstrated in most 


Organisms, of succinic and pyruvic acids: 


ve CULH CeH CLLH ClCH 
+ | | | 
GH, (ij) CH, (2) GcHy (3) GH (4) CH 

3 2 2 
i —- | —-> | —_- W- 
Cu Cl CHUH CH CH 
| ‘i 
CUULH CULH CUCH CULH CUCH 
pyruvic oxaloacetic malic fumaric Suceimic 
acid acid acid acid acid 


(1) Oxalacetic decarbcxylase 
(2) Malic dehydrogenase 
(3) Fumarase 
(4) Succinic dehydrcgenase 

We shall not concern ourselves with the subsecuent fate of 
pyruvic and succinic acids. The pathways linking these compounds 
to carbohydrates are well established; in any case, such questions 
are beyond the scope of the present study. Thus, for example, if 
an Organism produces propionic acid from glucose it is assumed that 


a 


pyruvic acid is an intermediate, formed through the conventional 
glycolysis cycle. , 

The formulation of a rigid pathway for the production of the 
ous products is highly improbable, because the biolcgical break- 


down cf sugars and related substances by bacteria probably takes 


place by more than cne mechanism. /267 


CHAPTrk IL 


LWVBOTLGATLUNS FaVUnING THE PATHWAY 


GH. COLH 
— i 
= Venage —> 2 
GH OLCH 
propionic acid succinic acid 


H, Larsen fis/ found the photosynthetic purple bacteria are char- 
acterized by their ability to utilize simple organic compounds, parti- 
cularly the lower fatty acids, as carbon Sircas in photosynthesis, 
They grow profusely under anaercbic conditions in the light in a min- 
eral medium containing propionate, and the amount of cell material 
synthesized is determined by the amount of propionate available, It 
has been shown that the conversions taking place can be aporoximate- 
ly expressed by the following simple equation: 

Got 2 CHy CH, CLL Na + 3HU ~ 7 (CH) + 2 Na OH 

In the absence of light no cell synthesis takes place under 
anaerobic conditions. 

Resting cells of a recently disccvered photosynthetic green sul- 
fur bacterial species, Chlorobium thicsulfatophilum, were found to ' 
bring about a light dependent conversion of propionic acid and Go 
to succinic acid. 

Larsen observed that ©. thiosulfatophilum does not give the re- 


action shown above, for the following reasons: (a) C. thiosulfato- 





philum does not grow at the expense cf propionate; NaS$3 was rea 
quired; (b) there was a decrease in bicarbonate of suspensions il- 
luminated in the presence of propionate and Wo, demonstrating the 
formation of acidic products; (c) there was a 1:1 relationship be- 
tween the number of moles of C5 assimilated and of prcpionate add- 
ed, 
Two different reaction paths should be considered. ne involves 

a dehydrogenation of propionic to pyruvic acid, and subsequent reduc- 
tive carboxylation to malic acid, followed by a further reduction to 
succinic acid. An alternative reaction path involves a carboxyla- 
tion cf prcpionic acid come or! some biologically activated form 
of propionic acid, to give succinic acid. This reaction has never 
been experimentally demonstrated in a biological system but has been 
suggested in a few cases, However, the reverse of this reaction, 
i.e., a direct decarboxylation of succinic acid to form Sropiente 
‘acid and Cb, has been presented as an explaination for the mechanism 
of formation of propionic acid by propionic acid bacteria and cer- 
tain micrococci. 

| It is pcssible that the mechanism by which CU5 is fixed into 
succinic acid is different from the one by which Qo is fixed in- 
to cell material in normal photosynthesis, or that it represents 
but one of several UL, fixing mechanisms, Larsen ran an experi- 
ment in which ©, thiosulphatophilum was allowed to phcotosynthesize 


under light-saturating conditions in the presence of both thiosulfate - 
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and propionate. In this case the rate of Oy fixation was equal to 
the sum of the rates observed with each of the two hydrogen donors 
separately. This suggests that the assimilation mechanisms do not 
proceed by way cf a common seomiilation product. 

The light-—dependent formation of succinic acid from propicnic 
acid and Cl. represents from a biochemical pcint of view, a much 
simpler type of phcto-synthesis than the usual light-dependent con- 
version of Cly into the poorly defined "cell material." The new 
system might therefore be cf value in exploring biochemical mechanisms 
by which Cl2 can be built into organic compounds by means of light 
energy. , 

OL Y. pentosaceum 

Delwiche grew cultures for 36 hours at 30°C after a 5 per cent 
inoculation into a 4-liter Erlenmeyer flask containing 2 liters of 
a medium composed of 0.5 ver cent each of glucose, peptone; and 
Difco yeast extract, At the end of the incubation period the cells 
were removed by centrifugation, washed ice in a volume of distill- 
ed water equal to the original volume cf the fermentation broth, and 
resuspended in phosphate buffer of pH 5.2 or in distilled water. 76/ 

All the experimental work conceming rates of fermentation of 
pyruvate, succinate and other substrates was conducted by means of 
the usual Warburg manometric techniques. A total of 3.0 ml. was 
Suspended in each Warburg vessel and was ccmposed of 1.0 ml. of a 
suspension of cells in m/100 phosphate buffer of pH 5.2, 0.2 ml. of 


m/5 substrate, and, if succinate was the substrate, 0.3 ml. of m/10 











semicarbazide sulfate, The total volume in all cases was made up to 
3.0 ml. by the addition of m/100 phosphate buffer s; pH 5,2. Incuba- 
tion was at 30° C. for 120 minutes under an atmosphere of nitrcgen. 
Activity was expressed as ub of CUo per mg. per hour, hereafter desig- 
nated as Gcoo. : 

— “Both pyruvate and succinate were found to be decomposed at sig- 
nificant rates (Qcop of 11.1 and 4.4, respectively, fcr the first 60 
minutes when 35 mg. of cells were present). The semi-carbazide was 
included as a ketone trapping agent to eliminate the possibility of 
reversion from succinate to pyruvate. 

A similar experiment was conducted in order to determine the 
amounts and proportions of volatile acids produced and the carbon 
dioxide evolved from pyruvate as compared to succinate, The exper- 
iment was identical to the one concerning rates with the exception 
that the incubation period was increased to 240 minutes and the 
vessels utilized were six with pyruvate as a substrate and six vith 
succinate as a substrate, plus six control cups, for the pussies of 
making endogenous corrections of the analysis data. At the end of 


the incubation pericd 0.5 ml. of SN Hod) were added to each cup to 


2 
stop the fermentation reactions, and the six cups were pooled for 
analysis, The pool was distilled and analyzed for volatile acids, 


the results of which are shown below.se 
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TABLE I, 
Volatile acids and carbon dioxide, prcduced from pyruvate and succin- 


ate under idential conditions. 


FROM PY aU VATE* FRUM SUCCINATE* 
Acetic acid ll4y moles 6. moles 
Propionic acid Loy moles 90 moles 
G es 


*Values have been corrected for the following endogeneous pro- 

duction: 7344 M acetic acid, 384 M propionic acid, and 344A i CO.» 

| We may note that in the decomposition of Succinate, propionate, 
appearing quite logically in approximately equimolar amounts with car- 
bon dioxide, is produced in significantly greater amounts than in the 
case Of pyruvate decompcsition. 

Decarboxylation of succinic acid as a mcde of formation of pro- 
pionic acid in the genus Propionibacterium has been sigerttae Le5/ 
and evidence has been preseited that supports this contention. Numer- 
Ous observations concerning the ability of the genus to ferment succinic 
acid with the formation of propionic acid have been made. fu Tie 
Succinic acid substrate, fermented anaerobically, produced prcpicnic 
acid and carbon dicxide in approximately equimolar amounts along with 
small amounts of acetic acid. The data obtained with 86 topic carbon 
Jie 20 l28/, constitute evidence that Ezep eure acid results from 


the decarbcxylation of a symmetrical apcarnan ine acid. 
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Bacterial decarboxylation of succinate has been observed /107, 
f117, with an anaerobic microccccus isolated from the rumen of sheep. 
This organism, Micrecoceus lactilyticus or Veillonella gazogenes, was 
strictly anaerobic and differed from the propionic acid bacteria in that 
it did not ferment sugars. Johns reported an optimum pH for the decar- 
boxylation as 5.9-60, and stated that isotcpic carbon from labeled car- 
bon dioxide was fixed only in the carboxyl group of the propionic acid. 

The mechanism of the conversion of propionate to carbohydrate in 
the animal body is unknown. This source of carbohydrate is of consider- 
able importance to ruminants, which produce propionate by bacterial ac- 
tion in the rumen and absorb it from that organ. 1t is possible that a 
reversal of the steps from pyruvate tc propionate could occur, involv- 
ing fixation of carbon dioxide in the methyl group of propionic acid 
to prcduce succinic acid. 

Barban and 4jl, using the techniques employed by Delwiche /6/, 
and Carson et al (47, incubated BES in the presence of inactive 
succinate, fumarate and malate at pH 5,8, and found there was incorpor- 
ation of radioactivity into the carboxyl groups of succinate; active. 
propionate was the major volatile end-product of the reaction, [ 1/ 

For the respiration studies ccnducted by Barban and Ajl, conven- 

tional Warburg methods were used, The exchange reactions were con- 
ducted in 250 ml. flasks. Separat.ry funiels were fitted into these 
vessels to permit the addition of reagents during the course of the 
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experiments. Because the reactions were to be carried cut at acid pH, 








and since the solubility of CLs in acid solutions is small, the fol- 
lowing procedure was adcpted in performing the experiment. After mix- 
ing the cell suspension with the appropriate substrate, the reaction 
vessels were flushed with a mixture of 95 per cent nitrogen and 5 per 
cent CL. for 10 to 15 minutes. At this point Nac. 5 solution con- 
tained in the separatory funnel was added by opening the stopcock and 

' forcefully blowing into the funnel. This procedure assured a saturated 
ev, atmosphere in the reaction vessel. 

at the end of the incubation period, the reaction mixture was 
acidified and the proteinaceous material removed by centrifugation. 
The supernatant solution containing the water-soluble camponents of 
the reaction was —, distilled to remove volatile acids, while the 
residue was -ether.extracted for 24.tc 48 hours to remove the dicar- 
boxylic acids. 

The steam distillate was neutralized and boiled down to 4 small 
volume. A portion was then put on a sheet of filter paper and chrom- 
atographed, with.a mixture of prcoancl, ammonium hydrcxide and water 
in 6:3:1 propcrtions, respectively. After spraying the sheets with 
bromcresol purple, the bands ccrresponding to acetate and propionate 
were eluted and cuantitatively determined by titration with 0.08n 
NaGH, The identity and concentration of these acids were also deter- 
mined by the partition»method /217. | 

The results of several experiments strongly suggest that the 
Nach, carbon in the succinate entered via the succinic carboxylase 
enzyme system described by Delwiche. 

9. 





CHAPTER ILL 


INVESTIGATIUNS FAVURLNG THE PATHWAY 


ie : % rac a 

a So a Z , CHLH < ; : u 

CULH COCH CULH CULH 
propionic acrylic lactic pyruvic 
acid acid acid acid 


Wood and Leaver [6/7 have found that if a cleavage of the 4= or 
5-carbon substrates to ©; or ©2 compounds occurs, these cleavage pro- 
ducts are largely converted to succinate and propionate by secondary 
reactions. Under certain conditions, it was found that the @o turn- 
over was much lower than that required by a mechanism in wiich succin- 
ate is decarboxylated to propionate and ©U,, Leaver and Wood, £47, 
Suggest that the formation of propionate fran a ©, dicarboxylic acid 
may involve a "c," which is not 0L2, but may be converted to W>. 
There is evidence that propionate can be formed by certain organisms 
without the occurrence of a ©, dicarboxylic acid. Cardon and Barker 
[3] and Johns fp _/ have presented results with Clostridium 7 Oe dini oie 
that indicate there is a direct reduction of lactate to propionate, 
possibly via acrylate. teaver {57 has provided additional evidence 
supporting this pcssibility in that the fermentation of lactate ~3-cl4 
by ©._propicnicum led to almost quantitative formation of propionate- 
Be 


Wood and Leaver 167 state that their cbservaticns indicate that: 
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(1) there is a biological mechanism for formation of prcpionate by 
direct reducticn; (2) in the provicnic acid fermentation, the bo 
turnover is too low tc indicate that all the propionate is formed 
by decarboxylation of succinate to propionate and W.; (3) there’ 
isa aeeenestn for randomization of the 2-and 3- positions of pro- 
pionate, and (4) there is evidence tnat a wa other than CU» may be 
formed in the ccnversion of succinate to prcpionate. 

Leviton and Hargrove Lis investigated the possibilities of com- 
mercial fermentation cf lett acid to prcpionic acid, as suggested 
by profitable amounts of vitamin Bi 5 as a by-product. 

Wood et al L17 state that glucose fermentations by Propioni- 
bacterjum arabinosum and’. shermanii demonstrate that the forma- 
tion of propicnate sclely from succinate is unlikely, and that the 
two species may actually have different mechanisms.of glucose meta- 
bolism. Leaver et al [26 used Clostridium propionicum and found 
that lactate-3-Cl4 yas reduced directly to orcpionate-3-C , when 
lactate-3-Cl4 is fermented by £, arabinosum, the distribution of 
tracer ght in the propionate suggests that succinate can be the pre- 


cursor. tt is sugrested that succinate and propionate can be fcrmed 


in part by a condensation reaction, perhaps via citrate. 


ll 


CHAPTER IV 


INVESTIGATIUNS FAVCKING UTHBR oCHhMind. 


Before about 1935 it was believed that the succinic acid formed by 
the propionic acid bacteria arose either from tne hexose molecule being 
split into ©, and G2 ccmpounds, from acetic acid, or from the nitrcgen- 
Cus constituents of the medium. In that year Wood and Vierkman /25/ be-. 
gan their studies on the source of succinic acid, which is formed from 
glycerol by the propionic acid bacteria. Later studies Led them to as- 
sume that the succinic acid is actually synthesized from pyruvic acid 
and Xo. This assumption has since been anew to be correct as _ the re- 
sult of studies using isctopic carbon in Xo and demonstrating its pre- 
sence in succinic acid /26/, Ley. 

Wood and Werkman postulated the following reaction, using P. ara- 
binosum and glycerol as a substrate. | 
CoH) ob6 —_ 2 CH3CUCH (UH) » > 
glucose methyl glycxal 

hydrate 
methyl glyoxal propionaldehyde 
GH, CHL HCHL —> Os CH, CHL 
+p | -a® “tap ait 
Ch. CMC HCOLH CH CH. CULH 


Propionaldehyde was isolated as an intermediate; several other 
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investigators / 28/ , /16/, have tried to cbtain similar results, wi thout 
success, 

Uther investigators J 13/ have postulated that the formation of 
propionate from pyruvate has the following reaction: 
3 CHz CL CLUE Hot Krebs 2 CHa CUCHP CH3 CH, CLLHT 2 CL, 

From the data presented, it appears that the succinic decarboxylase 
system is sufficiently active to produce propionic acid from suceinate 
at a rate comparable to the rate of production cf propionic acid from 


pyruvate, 


13 
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